The role of ␤ -chemokines in HIV infection was evaluated. The kinetics of regulated upon activation of normal T cell expressed and secreted, macrophage inflammatory protein-1 ␣ , and macrophage inflammatory protein 1 ␤ production by stimulated T lymphocytes did not differ substantially between HIV-infected (asymptomatic and with AIDS) and uninfected subjects. Maximal production of these ␤ -chemokines by activated peripheral blood cells was higher in the infected individuals than in uninfected individuals, but no significant difference was observed between healthy infected subjects and AIDS patients. Evaluation of the effect of HIV replication on ␤ -chemokine production indicated that acute infection of CD4 ϩ T cells with non-syncytia-inducing (NSI) viruses generally increased ␤ -chemokine production two to eightfold, whereas with SI strains, it led to decreased production. The sensitivity of an individual's virus to ␤ -chemokine-mediated inhibition correlated with the NSI virus phenotype and a healthy clinical state. 50% of the AIDS patients, however, had NSI viruses that were sensitive to ␤ -chemokines. Finally, anti-␤ -chemokine-neutralizing antibodies caused a more rapid release of HIV by CD4 ϩ T cells naturally infected by NSI, but not SI, viruses indicating that endogenously produced chemokines can affect HIV production in culture. These findings suggest that ␤ -chemokines may affect HIV replication when an NSI virus is involved, but provide little evidence that they substantially influence HIV infection and pathogenesis. ( J. Clin. Invest. 1997. 100: 921-930.)
Introduction
Chemokines (chemoattractant cytokines) are low molecular weight proteins that mediate inflammation via the recruitment of phagocytic and other immune cells (1) . They have been found to be involved in several noninfectious inflammatory diseases (2) (3) (4) (5) , and have been implicated in the immune response to some infectious agents (6) (7) (8) . Recent findings suggest that certain chemokines may play a role in HIV infection.
First, regulated upon activation of normal T cell expressed and secreted (RANTES), 1 macrophage inflammatory protein-1 ␣ (MIP-1 ␣ ), and macrophage inflammatory protein-1 ␤ (MIP-1 ␤ ), members of the ␤ -chemokine family, were demonstrated to be potent inhibitors of HIV replication in vitro (9) , although not all virus strains have been found to be sensitive to this antiviral activity (9) (10) (11) . Second, the chemokine receptors CCR5 and CXCR4 (fusin) were shown to be efficient coreceptors for macrophage-tropic and T cell line-tropic strains of HIV, respectively (12) (13) (14) (15) (16) (17) . The viral determinant(s) regulating these cellular tropisms appears to be associated with the V3 region of the HIV envelope protein (15, (18) (19) (20) . The ability of the ␤ -chemokines to inhibit HIV replication likely reflects the competitive inhibition (after CD4 binding) of HIV attachment to the chemokine receptor(s) on target cells. Inhibitors of signaling pathways do not block the anti-HIV effects of the ␤ -chemokines (19) (20) (21) . Finally, CCR5 expression has been suggested to have clinical relevance (22) (23) (24) . Some uninfected individuals with a history of repeated exposure to HIV are homozygous for a deletion mutation in CCR5, which prevents expression of this HIV coreceptor on the cell surface. CD4 ϩ cells from these individuals are highly resistant to infection with a variety of macrophage-tropic isolates of HIV.
To evaluate further the potential clinical relevance of the ␤ -chemokines in HIV infection, we performed cross-sectional analyses of RANTES, MIP-1 ␣ , and MIP-1 ␤ production by purified T cell subsets and PBMC from seronegative donors and HIV-infected subjects at various stages of disease. The effect of HIV replication on ␤ -chemokine production by CD4 ϩ T cells was also examined. Moreover, we sought to determine if there is a relationship between clinical state and sensitivity to ␤ -chemokine-mediated virus inhibition. The findings suggest that ␤ -chemokines have the potential to limit HIV replication in vivo, but that they do not prevent progression to disease.
Methods
Subjects. Heparinized peripheral blood samples were obtained by phlebotomy from HIV-1 seropositive and seronegative donors. The HIV-infected subjects were males between the ages of 25 and 50. They were either clinically healthy and not receiving antiviral therapy, or they had an AIDS diagnosis based on the Centers for Disease Control criteria (25) , but had no symptoms at the time of study. Most of the AIDS patients were taking antiretroviral drugs (e.g., 3 Ј azido-3 Ј deoxythymidine; 2 Ј ,3 Ј didoxoyinosine, or 2 Ј ,3 Ј dideoxy-3 Ј thiacytidine) alone or in combination, but not a protease inhibitor. The asymptomatic subjects had a mean CD4 ϩ cell count of 755 (range, 298-1,296) and a mean CD4 ϩ cell percentage of 30 (range, 11-44%). The AIDS patients had a mean CD4 ϩ cell count of 226 (range, 18-518) and a mean CD4 ϩ cell percentage of 14 (range, 4-26%). Blood samples from HIV-seronegative donors were provided by Irwin Memorial Blood Centers (San Francisco, CA). The study received the approval of the Committee on Human Research, University of California, San Francisco.
Virus isolates. Primary HIV-1 isolates were obtained by cocultivating 3 ϫ 10 6 PBMC from the virus-infected subjects with 3 ϫ 10 6 uninfected PBMC (from the seronegative donors) pretreated for 3 d with PHA (3 g/ml) (Sigma Chemical Co., St. Louis, MO). The cocultured cells were grown in complete medium which consisted of RPMI 1640 medium (Cell Culture Facility, University of California, San Francisco) containing 10% heated (56 Њ C, 30 min) FCS, 1% antibiotics (100 U/ml penicillin; 100 g/ml streptomycin), 2 mM glutamine, and 100 U/ml recombinant human IL-2 (Collaborative Biomedical Products, Bedford, MA). The cultures were passed every 3 d, and the fluids were assayed for particle-associated reverse transcriptase (RT) activity (26) . Culture fluids with RT levels of Ն 50,000 cpm/ml were frozen at Ϫ 70 Њ C for eventual preparation of virus stocks. Stocks of primary viruses were prepared by inoculating the virus onto PHA-stimulated uninfected PBMC previously pretreated with polybrene (10 g/ml for 30 min) (27) . These cultures were grown in the RPMI 1640 complete medium and passed as described above. PHA-stimulated PBMC from the seronegative subjects were added on day 6 to increase virus yield. Virus stock fluids were harvested at or before peak viral release (as indicated by RT activity), usually 6-9 d after the addition of virus. Thus, the recovered viruses were only grown for short periods of time in culture and only in human PBMC.
The virus stocks were titered on PHA-stimulated PBMC obtained from the seronegative donors. Each virus stock was subsequently used at the dilution that yielded about 100,000 cpm/ml of RT activity on day 10 to ensure that approximately the same infectious virus input was used for each infection. The laboratory-passaged isolates used in this study were grown in PHA-stimulated uninfected PBMC, and were titered for tissue culture infectious dose 50 (TCID 50 ) as described (28) .
The virus biologic phenotype was determined using an input dose of ‫ف‬ 100,000 cpm of RT activity on the MT-2 cell line as described (29). If syncytium formation and RT activity were present for at least two passages, the virus was considered to have a syncytia-inducing (SI) phenotype.
Recombinant ␤ -chemokines and anti-␤ -chemokine neutralizing antibodies. Purified recombinant human RANTES, MIP-1 ␣ , and MIP-1 ␤ ( Escherichia coli or SF-21 expressed) were obtained from R&D Systems (Minneapolis, MN). An equal mixture of recombinant RANTES, MIP-1 ␣ , and MIP-1 ␤ was usually prepared to a concentration of 100 g/ml each, and dilutions thereof were tested in culture for their effects on virus production.
Polyclonal goat antiserum specific for human RANTES, MIP-1 ␣ , or MIP-1 ␤ , and the nonspecific control goat serum were obtained from R&D Systems. The lyophilized preparation of each antichemokine antibody was reconstituted in PBS to 3 mg/ml, and a stock mixture was prepared containing 1 mg/ml of anti-RANTES, 0.5 mg/ml of anti-MIP-1 ␣ , and 1 mg/ml of anti-MIP-1 ␤ antibodies. The final antibody concentration used in experiments was 100/50/100 g/ml of antibodies to RANTES, MIP-1 ␣ , and MIP-1 ␤ , respectively. In the neutralization experiments, antibody was added at the initiation of the culture, and was replenished every 3 d upon medium exchange. The ability of these antibodies to neutralize a mixture of the recombinant human ␤ -chemokines (each at 100 ng/ml) was confirmed in functional assays as well as by ELISA.
Production of RANTES, MIP-1 ␣ , and MIP-1 ␤ by peripheral blood cells. ␤ -chemokine production by PBMC and CD4 ϩ T cells was examined after PHA stimulation. CD4 ϩ cells were isolated from PBMC using anti-CD4 immunomagnetic beads as described (30) , resulting in Ն 95% CD4 ϩ /CD3 ϩ cells ( Ͻ 1% CD8 ϩ cells) as assessed by flow cytometric analyses (31) . PBMC and purified CD4 ϩ cells were cultured in the RPMI 1640 complete medium in the presence of 3 g/ml of PHA for 3 d at a cell density of 3 ϫ 10 6 /ml. The cells were then washed and passed every 2 or 3 d adjusting to 2 ϫ 10 6 cells/ml at each passage. The collected culture fluid was filtered (0.45 m) and stored frozen at Ϫ 70 Њ C until tested. The heat-inactivated FCS and recombinant human IL-2 used in cell culture, did not contain any antigenically cross-reactive RANTES, MIP-1 ␣ or MIP-1 ␤ , as detectable by ELISA for the human ␤ -chemokines. Induction of ␤ -chemokine production by CD8 ϩ T cells was achieved by antibody-mediated cross-linking of the CD3 molecule on the cell surface as described (10) . CD8 ϩ cells ( Ն 95% CD8 ϩ /CD3 ϩ , Ͻ 1% CD4 ϩ ) were mixed with anti-CD3-coupled immunomagnetic beads (27) at a bead-to-cell ratio of ‫ف‬ 3:1, and cultured for three days in the complete medium containing IL-2. After washing the cells, the culture fluids were collected every 2 d, and the cells were passed with fresh medium. Essentially, the same culture conditions used for measuring chemokine production by CD4 ϩ cells were used for the CD8 ϩ T cells.
Spontaneous chemokine production was assessed in culture fluids collected 24-48 h after plating 3 ϫ 10 6 nonstimulated cells/ml in IL-2-supplemented complete culture medium.
For the experiments analyzing the effect of HIV replication on ␤ -chemokine production by acutely infected CD4 ϩ T cells, nonsyncytia-inducing (NSI) and syncytia-inducing (SI) primary isolates (4 TCID 50 /10 6 cells) were used to infect PHA-stimulated purified CD4 ϩ T cells from seronegative donors. For several experiments, the molecular clone of an SI virus, HIV-1 SF2 (32), (40 TCID 50 /10 6 cells), was used. The infected cells were cultured and monitored as described above for the production of chemokines by mitogen-stimulated CD4 ϩ T cells. In all experiments, the concentration of the human ␤-chemokines in cell culture fluids was measured by ELISA (Quantikine kits, R&D Systems), usually in duplicate according to the manufacturer's instructions.
Chemokine-mediated inhibition of HIV replication in naturally and acutely infected CD4ϩ T cells. The effect of a mixture of recombinant human RANTES, MIP-1␣, or MIP-1␤ on HIV replication in naturally infected CD4ϩ cells was assessed by procedures previously described (10, 27) . In brief, naturally infected CD4ϩ cells after isolation were cultured in duplicate for 3 d with PHA (3 g/ml) in complete medium supplemented with 200 U/ml of human recombinant IL-2. Cell cultures were subsequently passed every 3 d. The culture supernatants from each time point were monitored for RT activity. The recombinant chemokine mixture was added at the initiation of culture, and every third day thereafter upon cell passage.
Acutely infected CD4ϩ T cells were prepared as described (30) . In brief, PHA-stimulated CD4ϩ T cells from HIV seronegative control subjects were inoculated with comparable levels of primary viruses (see Methods) and 500-1,000 TCID 50 of laboratory-passaged HIV isolates. After a 1-h incubation, the cells were washed and plated (in triplicate) in 96-well culture plates (10 5 cells/well). The infected CD4ϩ cells were cultured alone or in the presence of various concentrations of ␤-chemokines, as described above for naturally infected CD4ϩ cells. These cultures were passed every 2 d, replenished with fresh chemokine(s), and the culture fluid monitored for RT activity. CD4ϩ cells from only four donors were used to minimize possible variation in virus replication in CD4ϩ cells from different donors (33) .
Statistical analysis. Differences in the mean levels of the ␤-chemokines produced by PBMC and by CD4ϩ and CD8ϩ T cells from the different clinical groups was statistically evaluated using the MannWhitney U test. Spearman rank correlation tests were used to analyze the relationship of chemokine production to peripheral blood CD4ϩ cell counts and percentages.
Results

Kinetics and levels of ␤-chemokine production by CD4ϩ and CD8ϩ T cells from uninfected and HIV-infected subjects.
RANTES, MIP-1␣, and MIP-1␤ were produced by mitogenstimulated CD4ϩ T cells ( Fig. 1 ) and CD8ϩ T cells ( Fig. 2) with similar kinetic profiles. Cells from uninfected and HIVinfected subjects, whether asymptomatic or with an AIDS diagnosis, showed kinetics of ␤-chemokine production that were similar. All three chemokines were produced by both T cell subsets at highest levels early after activation (within 72 h). By days 5-7 after stimulation, the levels of chemokines produced decreased sharply, and then usually rose slightly over the next 9 d. RANTES production was often the lowest of the three chemokines. Endogenous HIV production by CD4ϩ cells did not appear to affect this pattern of chemokine production ( Fig. 1 , B-D) (see below).
␤-chemokine production by T cells and PBMC from HIV-infected subjects is increased but does not correlate with clinical status. Having determined the kinetics of maximal ␤-chemokine production by CD4ϩ and CD8ϩ T cells, we expanded the number of subjects examined to assess the relationship between the extent of peak ␤-chemokine production by peripheral blood cells and the clinical state. With stimulated CD4ϩ T cells from uninfected donors, the peak levels of RANTES, MIP-1␣, and MIP-1␤ produced were comparable, ranging from undetectable to 12.6, 0.6-44, and 1.0-21.6 ng/ml, respectively (Fig. 3) . The mean level of MIP-1␣ (16.3Ϯ13.5 ng/ ml) was highest (P Ͻ 0.01 compared to MIP-1␤), followed by MIP-1␤ (7.3Ϯ5.2 ng/ml) (P Ͻ 0.001 compared to RANTES), and then RANTES (3.5Ϯ3.6 ng/ml).
With CD4ϩ T cells from HIV-infected individuals, whether asymptomatic or diagnosed with AIDS, the maximal ␤-chemokine production was considerably more variable. Some individuals produced extremely high levels of these chemokines (Ͼ 100 ng/ml) (Fig. 3) . In general, a strong correlation was seen between the level of one chemokine and the levels of the other two. Compared to the seronegative group, CD4ϩ T cells from HIV-infected asymptomatic individuals produced 3-10-fold higher mean maximal levels of the ␤-chemokines (P Ͻ 0.001 in each case). CD4ϩ T cells from the AIDS patients produced 4-20-fold higher levels of these chemokines than did CD4ϩ T cells from the seronegative donors (P Ͻ 0.001 in each case). Although the mean levels of RANTES and MIP-1␤ produced were higher by CD4ϩ T cells from AIDS patients than asymptomatic HIV-infected subjects (67.3 vs. 35.3, and 73.7 vs. 22.8 ng/ml, respectively), the differences in the mean levels produced by the cells from these two clinical groups were not significant. Furthermore, no correlation was found between maximal chemokine production and either an individual's peripheral blood CD4ϩ cell count or percentage (data not shown). When stimulated CD8ϩ T cells were studied, maximal ␤-chemokine production in general mirrored that seen with CD4ϩ T cells (Fig. 3) . In relation to seronegative subjects, CD8ϩ cells from HIV-infected individuals produced four to sevenfold higher levels of RANTES and MIP-1␣, but in contrast to findings with CD4ϩ T cells, did not produce significantly higher mean levels of MIP-1␤. CD8ϩ T cells from the AIDS patients produced less RANTES and MIP-1␣ on average than did cells from asymptomatic HIV-infected subjects, but this difference was not statistically significant. Furthermore, as noted with CD4ϩ T cells, no correlation was observed between chemokine production by CD8ϩ T cells and either peripheral blood CD4ϩ cell count or CD4ϩ cell percentage (data not shown).
␤-chemokine production from stimulated PBMC was analyzed to take into consideration the combined chemokine production by natural killer cells (34) , B cells (35) , and macrophages (36, 37) , as well as T cells at their natural proportion in the peripheral blood. The results obtained were similar to those observed with CD8ϩ cells (Fig. 3) . Significantly higher levels of RANTES and MIP-1␣ were produced by HIV-infected subjects when compared to seronegative individuals (P Ͻ 0.001). No significant difference in chemokine production, however, was noted between cells from asymptomatic HIV-infected subjects and those from AIDS patients. Again, no correlation of chemokine production to peripheral blood CD4ϩ cell counts and percentages was observed (data not shown).
When spontaneous production of ␤-chemokines was measured, the unstimulated CD4ϩ and CD8ϩ T cells from HIV seronegative individuals made very low amounts, usually Ͻ 500 pg/ml (data not shown). In contrast, the unstimulated CD4ϩ cells from the HIV-infected subjects (both asymptomatic and with AIDS) tended to produce higher levels of all three ␤-chemokines (up to 1,400 pg/ml). Unstimulated CD8ϩ cells from HIV-infected subjects produced low levels of chemokines comparable to those produced by CD8ϩ cells from uninfected controls (Ͻ 500 pg/ml).
Effect of HIV replication in CD4ϩ T cells on the production of RANTES, MIP-1␣, and MIP-1␤.
Since HIV replication has been shown to alter the expression of certain cytokines (38), we studied the effects of virus infection on ␤-chemokine production by CD4ϩ T cells. As described above (Fig. 1, B-D) , naturally infected CD4ϩ cells, releasing virus over the period from days 7-19 after mitogen stimulation, showed a pattern of chemokine production similar to that seen in stimulated uninfected CD4ϩ T cells (Fig. 1) or CD4ϩ T cells from infected individuals that did not release detectable virus (data not shown). In contrast to these findings with endogenous virus production, acute HIV infection led to an increase or decrease in ␤-chemokine production depending on the viral phenotype used. Cultured CD4ϩ T cells from seronegative donors were acutely infected with a low input of NSI and SI HIV-1 isolates. Most of the viruses used showed peak replication in CD4ϩ cells on day 10-13 after inoculation (usually reaching an RT activity of Ͼ 5 ϫ 10 4 cpm/ml). In these studies, the number of cells in the infected cultures was always less than that in the uninfected cell cultures. This result most likely reflects the cytopathic effects of HIV-1. To compensate for this difference, the levels of ␤-chemokine measured were analyzed per cell number.
After acute infection by six different NSI primary virus isolates, an increased production (2.5-8-fold) of the three chemokines (particularly RANTES) was generally observed (Fig. 4) . The increases observed usually followed peak HIV production. We chose one NSI strain, HIV-1 SV , to examine further the consistency of the results, and in more than 10 experiments found this enhancing effect to be very reproducible. The levels of RANTES and MIP-1␣ were usually increased, while MIP-1␤ levels were either increased or not affected. In contrast, in CD4ϩ T cells infected with three different SI viruses (two primary and one laboratory-passaged), a reduction of ␤-chemokine production was usually noted (Fig. 4) . Again, detailed examination of one of these SI viruses (HIV-1 SF2 ), in six different experiments consistently showed this reduction in chemokine production. Thus, the effect of acute infection on ␤-chemokine production by CD4ϩ T cells appears to be dependent on the biologic phenotype of the virus strain used.
HIV sensitivity to inhibition by the ␤-chemokines correlates strictly with the HIV phenotype and marginally with the clinical state. Previous studies indicated that HIV-1 isolates can vary in the extent to which their replication in acutely infected
CD4ϩ cells is inhibited by the ␤-chemokines (9, 10). To determine if there is any clinical relevance to these observations, we evaluated the biologic phenotype and measured the extent of ␤-chemokine sensitivity of 22 primary and 7 laboratory-passaged HIV isolates. Both primary and laboratory HIV isolates could be categorized as ␤-chemokine-sensitive or -insensitive, based on whether their replication in acutely infected CD4ϩ cells was sensitive to inhibition (Ն 50% reduction of RT activity) by an equal mixture of recombinant RANTES, MIP-1␣, and MIP-1␤ (Table I ). In the cases tested, if a virus was not inhibited by 500 ng/ml of the ␤-chemokine mixture, it was also not affected by concentrations as high as 20 g/ml (data not shown). Within the ␤-chemokine-sensitive group, the extent to which replication of different HIV isolates was inhibited varied from 88% suppression at 5 ng/ml to 51% at 500 ng/ml. This range in sensitivities confirms previous observations (10) .
Based on the above criteria, acute infection by 9 of 10 primary HIV isolates from asymptomatic individuals was sensitive to the inhibitory effects of ␤-chemokines, whereas the infection by only 6 of 12 HIV isolates from AIDS patients was sensitive (Table I ). The sensitivity strictly correlated with the biologic phenotype of the virus; all NSI isolates were sensitive to the ␤-chemokines, whereas the SI viruses were resistant. Of the 15 NSI strains studied, only 7 were sensitive to the lowest concentration of ␤-chemokines tested (5 ng/ml) (data not shown). The difference in chemokine sensitivity of viruses recovered from the two clinical groups was of marginal significance (P ϭ 0.05). Acute infection by five laboratory-grown HIV-1 and two HIV-2 isolates also showed an absolute corre- lation between chemokine sensitivity and the NSI phenotype. The HIV-1 NSI viruses, SF162 and SF128A, were sensitive, whereas the SI isolates, SF2, SF13, and SF33 were not. The NSI isolate of HIV-2, UCI, was sensitive; the SI isolate, UC2, was not.
To account for the possible influence of differences in viral load and CCR5 expression among subjects, we assessed the ␤-chemokine sensitivity of HIV replication in cultured naturally infected CD4ϩ cells of seven asymptomatic individuals and five AIDS patients. In agreement with the above findings, endogenous HIV replication in the CD4ϩ cells of five asymptomatic subjects (whose primary isolates were of the NSI phenotype) was sensitive to inhibition by the mixture of recombinant ␤-chemokines. The endogenous virus production by the CD4ϩ cells from the one asymptomatic subject with the SI primary virus isolate was insensitive (Table I ). In the five AIDS patients examined, the CD4ϩ cells from three subjects having an NSI virus exhibited sensitivity to ␤-chemokine-mediated inhibition of virus replication. Virus in the CD4ϩ cells from the two subjects carrying an SI virus showed no sensitivity to ␤-chemokines (Table I) . Experiments using individual recombinant ␤-chemokines also indicated that variations in sensitivity can be observed with CD4ϩ cells naturally infected with NSI viruses. In all cases, RANTES was the most potent inhibitor of HIV replication, followed by MIP-1␤ and MIP-1␣ (data not shown). These in vitro results with naturally infected cells are in full agreement with those from acutely infected cells, and together demonstrate a strict relationship between chemokine sensitivity and virus phenotype.
Neutralization of endogenously produced ␤-chemokines enhances the onset of HIV production from naturally infected CD4ϩ T cells. To evaluate the effect of endogenously produced ␤-chemokines on HIV replication, a mixture of neutralizing antibodies to RANTES, MIP-1␣ and MIP-1␤ was added to PHA-stimulated naturally infected CD4ϩ T cells. These CD4ϩ T cells, cultured in the continued presence of the neutralizing antibodies, showed a more rapid rise in endogenous virus replication than did CD4ϩ T cells treated with control antibody (Fig. 5) . High levels of HIV production were seen 3 d earlier when endogenously produced ␤-chemokines were neutralized (Ͻ 50 pg/ml of each, detectable by ELISA). By day 12-15, this difference in the level of HIV produced was minimal. The control antibody-treated cell cultures had roughly 0.5-1.5 ng/ml and 1.5-3.3 ng/ml of the three chemokines on day 9 and day 12, respectively ( Fig. 5) . Increased replication of HIV in CD4ϩ T cells was also noted with antibodies to individual chemokines, but the use of the combination of antibodies to all three chemokines resulted in the highest levels of endogenous virus production (data not shown). Upon examination of several HIV-infected subjects, only those who carried a ␤-chemokine-sensitive virus showed this increase in the kinetics of virus release, regardless of whether they were asymptomatic or had AIDS (Fig. 6) . The above results likely indicate that the neutralization of naturally produced ␤-chemokines from CD4ϩ T cells can affect the spread of HIV in culture.
Discussion
This study addressed four major questions relating to the potential clinical relevance of ␤-chemokines to HIV infection: (a) Is ␤-chemokine production from peripheral blood cells of HIV-infected individuals altered in comparison to cells from uninfected individuals and does the level of their production correlate to the clinical state?; (b) does HIV replication affect ␤-chemokine production by CD4ϩ T cells?; (c) does the sensitivity of the replication of an individual's virus to ␤-chemokine-mediated inhibition correlate to clinical state?; and (d) do endogenously produced ␤-chemokines from CD4ϩ T cells affect the extent to which the cells replicate HIV?
With respect to the first question, our findings indicate that after activation, the production of RANTES, MIP-1␣, and MIP-1␤ is substantially increased in peripheral blood cells from HIV-infected individuals as compared to uninfected controls. This increase is similar in both asymptomatic individuals and AIDS patients. As seen with many cytokines (39), maximal production of RANTES, MIP-1␣, and MIP-1␤ from CD4ϩ cells, CD8ϩ T cells and PBMC occurred early after activation with mitogen ( Figs. 1 and 2) . The production of all three chemokines appeared to be tightly coregulated in both stimulated CD4ϩ and CD8ϩ T cells. The three chemokines were produced in amounts that were comparable to each other, and in general, cells producing the highest levels of one chemokine produced the highest levels of the other two (Fig. 3) . The observed variability in chemokine production among individuals may reflect differences in the ability of their T cells to proliferate in response to mitogen (40) (41) (42) (43) , although we did not observe this to be true in all cases. Moreover, spontaneous chemokine production by the peripheral blood cells was also found to be quite variable. Similar findings on varying levels of chemokine production by T cells from HIV-infected or uninfected individuals have been reported by others (36, 44) .
After stimulation, PBMC and both CD4ϩ and CD8ϩ T cells from HIV-infected subjects exhibited a 3-to 20-fold increase in the mean levels of RANTES, MIP-1␣, and MIP-1␤ produced relative to cells from uninfected individuals (Fig. 3) . These levels (10-200 ng/ml) are well within the range required to block the production of some HIV isolates in vitro (9, 10) . The elevated levels of chemokine production by these cells may relate to the activated state of immune cells in HIV infection (45). Because similar levels of chemokine production were observed with cells from asymptomatic subjects and AIDS patients (Fig. 3) , and the level of production was not dependent on an individual's absolute count or percentage of peripheral blood CD4ϩ cells, we conclude that there is no correlation between clinical state and chemokine production by PBMC, CD4ϩ, or CD8ϩ T cells. Other investigators in more limited studies have reached a similar conclusion in studies of CD8ϩ cells (44, 46) as well as all three of these cell populations (47). The elevated ␤-chemokine production in AIDS patients would suggest that these chemokines are not protecting against disease progression either by their ability to competitively inhibit HIV interaction with its coreceptor on CD4ϩ cells, or by a protective mechanism based on their chemotactic activities. The latter activities presumably regulate immune cell trafficking and inflammation (for review see reference 1).
In regard to the second question dealing with the effect of HIV infection on ␤-chemokine production, endogenous virus replication in CD4ϩ cells did not substantially alter the pattern of ␤-chemokine production by CD4ϩ cells (Fig. 1, B-D) . In contrast, acute virus infection of purified CD4ϩ T cells quantitatively affected ␤-chemokine production depending on the virus strain used. Inoculation of CD4ϩ cells with primary ␤-chemokine-sensitive viruses (NSI phenotype) frequently showed increased ␤-chemokine production relative to the uninfected cells (Fig. 4) . Acute infection by the SI viruses usually resulted in decreased production of all three chemokines. These findings do not support a clinical relevance of the ␤-chemokines since the increased production of these cytokines by NSI strains would have been expected to depress virus replication in culture, which did not occur (Fig. 4) .
In connection with the third question about relative sensitivity of HIV isolates recovered at different clinical states, the viral sensitivity to ␤-chemokine inhibition was found to corre- The total indicates the frequency of ␤ chemokine-sensitive viruses, excluding two cases in which the naturally infected cells were examined from an individual whose primary virus isolate was tested in the acute infection assay. 
Infected CD4
ϩ T cells were cultured in triplicate in the continued presence of an equal mixture of the recombinant human chemokines RANTES, MIP-1␣ and MIP-␤ (see text). Control cultures contained no chemokines. A virus isolate was considered chemokine-sensitive if its replication (indicated by reverse transcriptase activity) was reduced Ն 50% by exposure to the recombinant ␤-chemokines at 500 ng/ml or less in comparison to the control culture. ¶ One of these viruses was also tested by acute infection.
late to some extent. HIV isolates from AIDS patients are often insensitive because they have more SI viruses than do asymptomatic individuals. Acute infection by all NSI isolates was sensitive to the inhibitory activity of the ␤-chemokines (Table  I) but at different levels ranging from substantial (5 ng/ml) to moderate (50-500 ng/ml). This correlation to biologic phenotype held true regardless of whether the virus was a primary or laboratory-passaged HIV-1 or HIV-2 isolate, and whether the primary isolate was from an asymptomatic individual or from an AIDS patient. This observation was also supported by the results showing ␤-chemokine-mediated inhibition of endogenous HIV replication in naturally infected CD4ϩ cells (Table I and Fig. 5 ). This latter finding may be more relevant to the natural setting because it reflects production of endogenous virus at the natural viral load in autologous cells (and autologous levels of chemokine receptor expression). The above results confirm and extend those of others evaluating the inhibition by chemokines of NSI and SI viruses (9) (10) (11) .
In response to the clinical relevance of these findings, half (6/12) of the AIDS patients and one of the asymptomatic subjects studied harbored an SI virus in their blood that is insensitive to ␤-chemokines. Others have reported a similar prevalence of this phenotype in HIV-infected individuals and AIDS patients (48). Importantly, 50% percent of the AIDS patients had a virus sensitive to inhibition by the ␤-chemokines. Statistical analyses indicated that the prevalence of ␤-chemokinesensitive virus in the AIDS group was significantly less than that seen in the asymptomatic group (P ϭ 0.05). The finding of NSI viruses in AIDS patients, however, indicates that chemokine sensitivity is not consistently associated with an asymptomatic state, nor is progression linked to virus insensitivity to the ␤-chemokines. Thus, the ␤-chemokines do not appear to prevent development of disease.
Finally, in answer to the fourth question regarding the antiviral activity of endogenously produced ␤-chemokines, replication of NSI, but not SI, HIV isolates was enhanced in the presence of neutralizing antibodies to the ␤-chemokines (Figs. 5 and 6). The results indicate that the low levels of endogenously produced RANTES, MIP-1␣ and MIP-1␤ (Ͻ 10 ng/ml, each) can autoregulate NSI HIV production in naturally infected CD4ϩ T cells, as has been suggested by others (49) . The naturally produced level of these cytokines, however, appears to delay, but not prevent, virus production and spread in CD4ϩ T cells (Fig. 5) . The findings also support the above evidence that sensitivity to the ␤-chemokines is strictly dependent on the virus phenotype, and not necessarily the clinical state (Table I) . In summary, this study has provided further evidence that the ␤-chemokines, RANTES, MIP-1␣, and MIP-1␤, can control virus replication of primary NSI, but not SI, HIV isolates in culture. The results do not, however, provide evidence of a substantial protective role of these ␤-chemokines in vivo. Nevertheless, the question remains whether these ligands for the HIV coreceptor CCR5 can select against NSI variants of HIV and affect the rate of NSI to SI switch seen in many HIVinfected individuals who progress to disease.
Acknowledgments
We would like to thank Drs. Michael Luther and Fred Kull (GlaxoWellcome Corporation, Research Triangle Park, NC) for providing the recombinant chemokines, neutralizing antibodies, and ELISA kits used in this study. Roland Orque, Sandra Lee, and Katharine Bossart . The effect of anti-␤-chemokine neutralizing antibodies on HIV replication in naturally infected CD4ϩ T cells. CD4ϩ T cells isolated from HIV-infected asymptomatic subjects or AIDS patients were cultured in the continued presence of either a nonspecific control antibody (250 g/ml) (solid bar) or a mixture of neutralizing antibodies specific to RANTES (100 g/ml), MIP-1␣ (50 g/ml) and MIP-1␤ (100 g/ml) (striped bar). Subjects D and G harbored SI viruses; the other subjects harbored NSI viruses. The amount of HIV replication (indicated by RT activity) in the control antibody-treated culture fluid from the first passage with detectable RT activity (usually day 9-12) is shown. As measured by ELISA, culture fluids containing the mixture of antichemokine antibodies showed a complete neutralization of all three ␤-chemokines (data not shown).
are thanked for their technical assistance. We thank Ann Murai for help in preparation of the manuscript.
